Abstract: The frequency-dependent dispersion impairment of high-speed printed analog traces in next-generation pluggable modules is studied. This frequency dependence is considered for the first time in optical fiber communication systems. Transmission of ultra-broadband electrical signals over such traces dramatically enhances the frequencydependent dispersion effect. Here, for the first time, an extended model of the ultrabroadband signal transmission that includes this frequency-dependent dispersion effect of the printed analog traces is proposed. Additionally, a novel approach to compensate for this frequency-dependent dispersion impairment is introduced. Inclusive analysis reveals that a significant performance improvement of up to 4 dB is achieved by using the proposed symbol-spaced sampling and reduced-complexity digital signal processing technique.
Introduction
Large-scale data centers store a huge amount of the world's data in their cloud servers. To ensure fast and reliable transmission, the communication channel between the servers units is optical, at the highest available data rates. In the past years, intensive work has been done to develop 100-400 G transceivers for data centers connections. To keep costs low, state-of-the-art communication techniques, combined with pioneering digital signal processing (DSP) methods, have been proposed. Such schemes include 4-level pulse amplitude modulation (PAM4), symbol-space sampling, feed-forward equalizer (FFE), decision feedback equalizer (DFE), and maximum likelihood sequence estimation (MLSE) [1] , [2] . Currently, 100 G transceivers are packaged in a single pluggable form-factor which includes the optoelectronics components and electronic blocks, i.e., hybrid optical-electronic transceiver. However, the hybrid transceiver poses challenges for system design, by means of performance optimization, package size, and power dissipation.
A direct approach to overcome these challenges is a separation between the optical components and the electronic blocks, i.e., the transceiver should include only the optical components, while the electronic blocks are hosted externally on the transponder board. One main advantage of the separation approach is the enabling of using a small form-factor pluggable (SFP) package, specifically, the quad SFP-28 (QSFP-28). In the QSFP-28 standard, the aggregated optical signal consists of four independent channels, each carrying data rate of 25 Gbaud and higher. In turn, each of the optical channels is detected and converted to electrical signal by the optical module. The electrical signal is transmitted over printed transmission line (PTL) from the optical module to the electronic module. Both modules are hosted on the backplane board. Transmission of electrical signal at 25 Gbaud and higher over more than a few centimeter (denoted by cm) of the backplane PTLs is challenging and may enhance impairments and cause significant degradation in the signal quality.
In recent years, the transmission of high-speed electrical data over a limited band backplanes has been studied. Sinsky et al. presented an effective approach that compensates for the phase and amplitude response of backplane, resulting in an ideal duobinary filter [3] . This enables a high-speed electrical data transmission through low-cost backplane. Similarly, Baskaran et al. used duobinary signal with adaptive equalization for backplane channels [4] . The adaptive equalization enables better SNR performance and higher immunity to temperature and parameter variations. Alternatively, Lee et al. designed and compared three 20 Gbps backplane transceivers [5] ; each transceiver is designed for Duobinary, PAM4, or non-return-to-zero (NRZ). The compression reveals that the NRZ data achieved the best performance by means of bit error rate (BER) and power dissipation. However, in those previous works, the analysis focused on the limited bandwidth of backplane, while other impairments, such as chromatic dispersion (CD), which becomes frequency-dependent in the case of ultra-broadband transmission (25 G and above), are not considered.
In this work, next generation pluggable module's transmission line is analyzed, where the analog electrical channel uses a microstrip technology. Novel frequency-domain and time-domain equalization schemes based on baud sampling and DSP are developed, for compensation of the frequency-dependent CD (FDCD) effect imposed by the transmission of ultra-broadband signal over microstrip. Quantitative analysis is presented, showing a significant receiver sensitivity improvement of up to 4 dB for NRZ on-off keying (NRZ-OOK) 50 Gbps signal transmitted over microstrip, by using the proposed method.
Background
Microstrip is the most common used PTL in the industry, as it is easy for integration and has low production costs [6] . However, microstrip is an inhomogeneous structure, i.e., a portion of the injected electromagnetic (EM) field propagates in the dielectric medium while the rest propagates in the air [7] . The ratio between the EM parts is frequency dependent. Thus, effectively the dielectric constant of the total propagated EM field, " r eff ð!Þ, is varying with frequency, where ! denotes the EM angular frequency. The effective dielectric constant " r eff ð!Þ can be calculated by various models [8] . A compact expression with high accuracy compared to the other tested models in [8] is the Pramanick-Bhartia model, which is given by
In (1), " r eff ð0Þ is the static effective dielectric constant which can be calculated following [7] , " r is the substrate dielectric constant, 0 is the permeability constant, H is the substrate thickness and Z 0 is the microstrip impedance. It can be seen from (1) that " r eff increases with frequency (and substrate thickness) and converges to " r . A variety of substrate materials can be used for fabrication of the backplane board. In [3] , the FR4 ð" r ¼ 4:4Þ is used as a backplane substrate. FR4 is a popular printed circuit board (PCB) material, but has relatively poor performances due to its high losses at high frequencies. Thus, FR4 is less preferred for use as PCB material in next-generation transceivers [9] . Alternatively, high frequency circuit materials with low losses (e.g., Rogers' materials or MEGTRON series) are considered to be used in next generation high speed backplane [5] , [9] . The selection of the substrate material should be based on its performances, production costs, and PCB area utilization. In [9] , the MEGTRON 6 (MGTRN6) is selected, but in this work, the RO3006 of Rogers Corporation is considered. Although RO3006 and MGTRN6 have similar loss performance, RO3006 has higher dielectric constant (i.e., " r ¼ 6:15 compared to MGTRN6 with " r ¼ 3:7), which increase the effective utilization area of the PCB. Explicitly, given a microstrip with a definite impedance of Z 0 which is fabricated over a substrate material with a specific thickness, the width of the microstrip is inversely proportional to " r [6] . On the other hand, due to the higher " r the RO3006 is more vulnerable to dispersion which will be presented later in Section 3.2. In Fig. 1(a) , " r eff versus frequency for various RO3006 substrate thickness is presented. All curves are for microstrip impedance of Z 0 ¼ 50 . Fig. 1 (a) reveals that the frequency dependence effect of the dielectric constant is significantly pronounced. In turn, the frequency variation of " r eff ð!Þ within the signal's band leads to FDCD and signal broadening. This results from the relation between " r eff ð!Þ and the microstrip propagation constant of the injected signal, which is given by
where c is the speed of light. From Fig. 1(a) , it can be seen that the dispersion impairment of ultrabroadband electrical signal is relatively negligible up to 40 GHz if the 100 m backplane board is used. However, such thin substrates are significantly more expensive as compared to thicker substrates due to fabrication challenges. A more conventional substrate thickness is in the order of a few hundreds of micron [9] - [11] . Thus, the selected substrate for the analysis that is carried out in this work is RO3006 with thickness of 300 m. Manufacturing tolerances of ±10% variation in the substrate thickness and the microstrip trace width of RO3006 substrate with nominal 300 m thickness, lead to up to 10% variation of the microstrip impedance. Yet, the basic nature of the frequency-dependent behavior remains. In addition, in the next generation of QSFP-28 standard, the expected length of PTL is 10 cm and above [3] . Altogether, significant FDCD is expected, in which leads to severe inter-symbol interference (ISI) and signal degradation. The dispersion impairment is well known in optical fiber communication [12] . Using Taylor expansion, the propagation constant of the optical signal, opt ð!Þ can be expanded about the optical carrier angular frequency, ! 0 , as where
. . . and @ m =@! m is the mth-order derivative with respect to the variable !. In the case of optical fiber communication, the bandwidth of the modulated signal is significantly smaller than the optical carrier frequency. Additionally, the changes of the fiber refractive index within the bandwidth of the modulated signal are relatively low. Thus, the second order term of the Taylor expansion is usually sufficient to describe the optical pulse broadening [12] . In the absence of optical single mode fiber (SMF) nonlinearity, the model of the optical fiber is linear [14] . In this case, the dispersion transfer function of the SMF, given the second-order term of the Taylor expansion of opt ð!Þ, is
where L is the fiber length.
Frequency-Dependent Chromatic Dispersion in Ultra-Broadband Microstrip Trace
In this section, the FDCD impairment for ultra-broadband electrical signal propagating over a dispersive microstrip channel is analyzed. In this case, the dielectric constant " r eff ð!Þ changes considerably within the spectrum of the ultra-broadband electrical signal. Thus, the second order term is insufficient and high order Taylor expansion of MS ð!Þ is required. This can be understood from the curves of the first and second derivation of MS ð!Þ, namely, MS 1 ð!Þ and MS 2 ð!Þ. In Fig. 1(b) and (c), MS 1 ð!Þ and MS 2 ð!Þ are shown for Z 0 ¼ 50 and for various substrate thicknesses. As MS 2 ð!Þ is non-constant within the broadband signal spectrum region, the second order Taylor expansion about a single frequency is not adequate. Consequently, in the derivation of the transfer function, MS ð!Þ is being used as opposed to the case in optical fiber communication, where only the second term of the Taylor expansion is being used [12] . In summary, the FDCD transfer function of single lossless microstrip trace for ultra-broadband electrical signal is given by
where MS ð!Þ defined in (2) , and L MS is the microstrip length.
Previously, it was mentioned that RO3006 with thickness of 300 m was selected for this work. This relatively thick substrate with higher " r compared to the MGTRN6 and FR4 is more vulnerable to FDCD. This can be seen in Figs. 1(c) and 2, where MS 2 ð!Þ increases as the substrate thickness or the substrate dielectric constant grow. This leads to higher dispersion vulnerability. However, as mentioned in Section 2, the benefits of the use of a thicker substrate with higher dielectric constant compared to the other reviewed materials are a cost effective board with increased utilization of the PCB's area.
Frequency-Domain Electrical FDCD Compensation of Ultra-Broadband Electrical Signal
Many techniques have been proposed to compensate for the SMF dispersion impairment. In recent years, the electrical dispersion compensation (EDC) became a standard practice in coherent optical communication systems [13] . The main advantages of the EDC techniques are the flexibility in system design and the low cost as compare to optical compensation techniques. In the case of optical SMF, the basic principle of the EDC of the optical pulse broadening is a compensation by the inverse of the sampled spectrum H opt ðj!Þ. This compensation technique is denoted here as the frequency-domain "classical-EDC" for SMF. Alternatively, given the impulse response of H opt ðj!Þ (i.e., = À1 fH opt ðj!Þg, where = stands for the Fourier transform), the EDC equalizer can be implemented in the time-domain. The time-domain implementation implications will be discussed in the following sub-section.
In the case of single lossless microstrip, the electrical signal broadening can be compensated by the inverse of the sampled microstrip FDCD transfer function
where ! s is the angular sampling frequency which follows the sampling frequency of the ADC, f s . This compensation technique is denoted as the frequency-domain "continuous-EDC" for microstrip.
In this paper, following intensity-modulation and direct-detection (IM\DD) scheme, the electrical field at the receiver is a linear function of the electrical field at the transmitter. Thus, the electrical field analysis followed classical linear time invariant (LTI) approach. Therefore, the compensated data isx
where n is the sampling index, FFT stands for the fast Fourier transform algorithm, IFFT is the inverse FFT algorithm, x ðt; 0Þ is the time-domain injected ultra-broadband electrical signal at the microstrip input, h MS ðtÞ is the impulse response of the microstrip trace (i.e., = À1 fH MS ðj!Þg), ! 0 2 ½À! s =2; ! s =2 is the digital angular frequency, T s is the sampling period given by T s ¼ 2=! s , SPS is the number of samples-per-symbol, and * denotes the convolution operation. For simplicity of notation, from here on, the prime over ! 0 has been dropped. Following the optical fiber dispersion analysis shown in Section 3.1, here the Taylor expansion of MS ð!Þ is considered. However, as MS 2 ð!Þ changes considerably within the bandwidth of the ultra-broadband electrical signal, the second order expansion about a single frequency is not adequate. Thus, it is proposed to subdivide MS ð!Þ into multiple sub-bands, where in each sub-band MS ð!Þ can be approximated by its associated second order Taylor expansion. For the k th sub-band of the double-sided signal spectrum of MS ð!Þ, i.e., ! 2 ½À! s =2; ! s =2, the second order Taylor expansion about the k th central angular frequency
where transmitted over microstrip, the approximated frequency-domain EDC is given bỹ
where M is the total number of sub-band of the double-sided spectrum of MS ð!Þ. This compensation method is denoted as the frequency-domain spectrally fragmented-EDC (SF-EDC) for microstrip. Consequently, the compensated data is
For simplicity, it is assumed that all sub-bands of the double-sided spectrum have identical bandwidth, i.e., B M ¼ ! s =M. In the case that M ! 1, the SF-EDC converges to the "continuous-EDC" for microstrip in (6) . On the other hand, for M ¼ 1 the SF-EDC is defined as the "classical-EDC" for microstrip, similar to the "classical-EDC" for SMF in (3) and (4). In [15] , the proposed SF-EDC in (10) was preliminary tested. Additional to the frequency-domain compensation technique, a time-domain compensation approach for ultra-broadband electrical signal transmitted over microstrip is discussed in the following sub-section.
Time-Domain Electrical FDCD Compensation of Ultra-Broadband Electrical Signal
It is well known that optical fiber dispersion impairment can be compensated by FFE-DFE, implemented by a FIR filter. In [14] , Savory obtained the upper bound for the total number of FFE-DFE taps as a function of opt 2 . The transfer function of the "classical-EDC" for SMF H À1 opt ðj!Þ has all-pass filter response. If H À1 opt ðj!Þ is sampled at a finite sampling frequency f s , aliasing will occur. This can be seen from the impulse response of "classical-EDC" for SMF, which is given by
where ðt Þ ¼ t 2 =ð2 opt 2 LÞ. Consequently, the instantaneous frequency f ðt Þ of h opt c ðtÞ is
Equation (12) reveals that the instantaneous frequency increases with time. In the case that Nyquist frequency is not obeyed (i.e., jf ðt Þj > f s =2), aliasing will occur. Thus, f ðt Þ should be truncated, where the maximal allowed frequency is the Nyquist frequency f s =2. This leads to the fact that
where T s ¼ 1=f s . In case where h opt c ðt Þ is implemented by FFE-DFE, the maximal allowed number of taps is [14]
where it was assumed that t ¼ N Á T s . Note that if the number of taps of h opt c ðt Þ is lower than N defined in (14) , then under compensation will occur. Hence, N is also the optimal number of taps (rather than maximal).
A similar approach is discussed here for the case of microstrip. The "continuous-EDC" has a different impulse response as compared to the "classical-EDC" for SMF in (11) . This is due the fact that the second order Taylor expansion of MS ð!Þ about a single frequency is insufficient as MS 2 ð!Þ changes significantly within the spectrum of the ultra-broadband electrical signal. The impulse response of the "continuous-EDC" for microstrip is calculated as follows:
where Å is the rectangular function, which defined as
The impulse response of Å is
The impulse response of each of the terms in the summation in (15) is
where
Note that the approximation in the second line of (18) is justified due to the assumption that the second order Taylor expansion about ! ðk Þ 0 is sufficient in B M , assuming that the fragmentation order M is properly selected. Equation (18) constitutes the impulse response approximation of each of the M sub-bands of the fragmented ultra-broadband electrical signal. Therefore, the substitution of (18) in (15) forms the time-domain SF-EDC equalizer which includes filter-bank of M parallel equalizers, h
Each of the M parallel equalizers is compensating for the k th sub-bands of the ultra-broadband signal. Hence, the compensation can be performed equivalently either in the frequency-domain using (9) or in the time-domain using (19). In the following section, the study of the impact of the signal's bandwidth fragmentation order M, of the SF-EDC, is performed in the frequency-domain.
In the time-domain, the maximal number of taps are associated with the instantaneous frequency of h MS c ðt Þ [14] . Assuming a small-angle approximation, the sinc function in (18) can be approximated by 1, and (18) reduces to
Hence, under the small-angle approximation, the instantaneous frequency of the k th term in the summation operator is independent on time and therefore the number of taps that may be used is not limited, unlike the case of SMF [14] .
Analysis of Ultra-Broadband Electrical System Based on Frequency-Domain SF-EDC
In Fig. 3 , a block diagram of a quad ultra-broadband NRZ-OOK transmission system is presented. The digital data which is generated in the core router at the client side is converted into analog signal by a 1 bit digital to analog converter (DAC). The DAC has a Butterworth filter response with frequency cutoff (and order) of 17 GHz (third). The electrical signal is transmitted over microstrip with impedance of 50 and length of L MS . The microstrip is fabricated over a substrate with " r ¼ 6:15, thickness of 300 m and may suffer from frequency-dependent loss (FDL). At the microstrip output, each of the client side quad-channels is converted to optical signal using electrical to optical converter (EOC). The EOC includes a modulator driver and a modulator, which could be either electro-absorption modulator or Mach-Zehnder modulator, with extinction ratio of 6 dB. Each of the EOC components has a frequency response of a Butterworth filter. The driver and the modulator have frequency cutoff (and order) of 25 GHz (third) and 30 GHz (second), respectively. Depending Fig. 3 . Ultra-broadband optoelectronic system model. on the sampling ratio mode, i.e., 2-SPS or 1-SPS, the data rate per channel of the OOK is 25 Gbps or 50 Gbps, respectively. In turn, the four optical OOK signals are combined using an optical multiplexer (MUX) and are transmitted over the optical fiber. At the receiver side, the optical signal is demultiplexed (via a DEMUX) following a variable optical attenuator (VOA) and each of the optical channels is detected by an optical-to-electrical converter (OEC). The OEC includes a PIN photodiode with responsivity of 0.7 [A/W] and trans-impedance amplifier (TIA) including automatic gain control (AGC), which backs-off the pre-compensated signal such that its maximum amplitude is maintained within the linear dynamic range of both the TIA and the analog to digital converter (ADC). In turn, the proposed DSP-based compensation techniques are performed on un-clipped signals. The noise source following the photodiode is assumed to obey additive white Gaussian noise (AWGN) model with zero mean and 14 ½pA= ffiffiffiffiffiffi Hz p . The noised signal is filtered by the OEC's blocks. Each of the OEC's blocks, i.e., photodiode and TIA, has a Butterworth filter response with frequency cutoff (and order) of 30 GHz (second), and 25 GHz (third). The filtered electrical signal is transmitted over microstrip with impedance of 50 and length of L MS . At the microstrip output, the electrical signal is sampled by an ADC with sampling rate of 50 Gsamples/sec. The ADC has a Butterworth filter response with cutoff (and order) of 17 GHz (third). The effective number of bits (ENOB) of the ADC is assumed to be 4 bits. It should be stressed out that the limited bandwidth of both the DAC and ADC introduces significant ISI. Finally, the digital signal is post-processed, recovered by the DSP block, decoded and digitally transmitted to the core router.
In the following sub-sections three cases are being studied: 4.1) FDCD compensation only at 25 Gbaud with 2-SPS; 4.2) FDCD and ISI compensation at 25 Gbaud with 2-SPS; and 4.3) FDCD and ISI compensation at 50 Gbaud with 1-SPS.
FDCD Mitigation Analysis for 25 Gbaud Transceiver
In this sub-section, one out of the four 25 Gbaud transceivers that are described in Fig. 3 is analyzed, while the DSP compensates for FDCD only. A 25 Gbps OOK signal is optically transmitted over a very short fiber length (optical back-to-back transmission). At the receiver side, the sampled data is compensated by the DSP block which consists of the frequency-domain SF-EDC.
The impact of the fragmentation order M is studied by means of the minimum required received optical power (ROP) to achieve pre-forward error correction (pre-FEC) BER ¼ 10 À3 . The ROP is measured for various M values. The results are summarized by the dashed curves in Fig. 4(a) . Each dashed curve represents a different total microstrip length 2 Á L MS (including both portions at the transmitter and receiver), where the back-to-back scenario is denoted as L MS ¼ 0. As the number of fragmented bands M increases, the required ROP decreases, indicating the improvement introduced by the frequency-domain SF-EDC. In Figs. 4(a) and 5(a) and (b), the optimal value of M is associated with the knee point of the ROP curves. The optimal fragmentation order M indicates the number of required sub-bands of the frequency-domain equalizer in (9) or equivalently the number of parallel filter-bank equalizers in (19). However, the required ROP does not converge to the back-to-back scenario. This result from the increased peak-to-average power ratio (PAPR) associated with the FDCD and the following back-off applied by the AGC in order to fit into the ADC dynamic range. As a result, the higher the FDCD, the larger is the AGC attenuation and the larger is the associated penalty.
FDCD and ISI Mitigation Analysis for 25 Gbaud Transceiver
Similarly to the analysis in Section 4.1, the 25 Gbaud transceiver with the same hardware components is analyzed. However, the DSP block at the receiver side is extended, in order to mitigate the combined FDCD and ISI distortions. The enhanced SF-EDC (ESF-EDC) block diagram is shown in Fig. 4(b) . It contains additional interpolator followed by a symbol-spaced FFE-DFE with total of 48 taps. The interpolator retrieves the optimal time-domain sampling phase and the FFE-DFE mitigates the ISI penalty. In practice, the FFE-DFE should be adaptive to increase the immunity to temperature and parameters variations of the ultra-broadband electrical system. In the ESF-EDC case, the least mean square algorithm is used for calculating the FFE-DFE coefficients. The results for the ESF-EDC are summarized by the solid curves in Fig. 4(a) . For all microstrip lengths, the required ROP is significantly lower as compared to the SF-EDC. In addition, it is clearly observed that the ESF-EDC improves the performance as compared to the "classical-EDC" for microstrip ðM ¼ 1Þ. The best improvement is achieved with M ¼ 4 and above. In the case of L MS ¼ 50 cm, the ESF-EDC with M ¼ 4 improves the performance of ROP by approximately 1.5 dB as compared to the "classical-EDC" case ðM ¼ 1Þ. It is important to note that there is no further improvement for M > 4, which means that the performance of the SF-EDC with M ¼ 4 is essentially identical to the performance of the "continuous-EDC."
Additionally, the FDL effect of a microstrip fabricated over RO3006 is investigated. In this case, the FDL for 1 cm of microstrip length is 0:625 Á 10 À2 dB=ðGHz Á cmÞ, e.g., 1.25 dB at L MS ¼ 10 cm and 20 GHz. The results are identical to the results of the case of 2-SPS with ESF-EDC (see Fig. 4(a) : continuous curves).
It should be pointed out that the FFE-DFE equalizer may compensate also for the FDCD by itself. However, this equalizer involves noise enhancement as being stochastic in nature. On the other hand, the SF-EDC proposed here is purely deterministic and does not involve noise enhancement as effectively operates as an all-pass filter.
FDCD and ISI Mitigation Analysis for 50 Gbaud Transceiver
Here, the transmitted baud rate is doubled, while the systems' hardware elements remain with the same analog bandwidth. The overall frequency response of the cascaded DAC, EOC, OEC, and ADC is effectively used as an anti-aliasing filter (AAF), and the entire system operates in a 1-SPS mode. The ESF-EDC is analyzed while operating at symbol spaced manner. The results are summarized in Fig. 5(a) . Similar to the case of 2-SPS, as M increases, the required ROP is decreased. The best improvement is achieved with M ¼ 4 and above. For L MS ¼ 30 cm, the enhanced DSP block with M ¼ 4 introduces a significant improvement of 4 dB reduction in the required ROP as compared to "classical-EDC" for microstrip ðM ¼ 1Þ. Yet, the required ROP does not converge to the back-to-back scenario. This can be explained by the residual ISI resulting from the aggressive low-pass filtering effect of the EOC and OEC, as compared to the signal baud rate (17 GHz versus 50 GHz).
The effect of the combined AAF and 1-SPS scheme is further investigated. The ADC sampling rate is doubled to 100 Gsamples/sec and M ¼ 10, while the other hardware components are kept the same. The results indicate that there is a very minor improvement in this case for all L MS values. This can be explained by the fact that the overall system bandwidth is less than half the 50 Gsamples/sec sampling rate, i.e., the system meets the Nyquist criteria. Therefore there is no extra penalty associated with the 1-SPS scheme. In turn, the final results of both cases 1-SPS and 2-SPS are identical (assuming that the optimal sampling is selected).
Also, the FDL of a microstrip fabricated over RO3006 is considered ð0:625Á 10 À2 dB=ðGHz Á cmÞÞ. The results are summarized in Fig. 5(b) . In the case of 1-SPS, additional performance degradation is introduced by the FDL and is limited to L MS ¼ 30 cm.
Finally, the effect of the overall bandwidth of the 50 Gbaud transceiver system (including FDCD, ISI and FDL) with the ESF-EDC is analyzed. The ADC sampling rate is 50 Gsamples/sec and M ¼ 10. The frequency responses of the DAC, EOC, OEC and ADC are modelled by an equivalent frequency response which obeys a Butterworth filter of order 6 and 3 for the signal and noise, respectively. The effect of the cutoff frequency is analyzed, and the results are summarized in Fig. 6 . It is observed that 22-25 GHz overall bandwidth is sufficient for the proposed ESF-EDC compensation. Thus, the use of commercially available 25 G component is suitable for supporting the proposed 50 Gbaud OOK system.
Conclusion
The next generation of pluggable modules is considered. Transmission of ultra-broadband electrical signals over dispersive analog traces dramatically enhances the FDCD impairment. Here, novel compensation techniques are proposed, based on frequency slicing processing. Comprehensive analysis for 25 Gbaud and 50 Gbaud OOK transmission reveals that the proposed ESF-EDC improves the performance significantly as compared to "classical-EDC." For 50 Gbps OOK signal transmitted over 20 cm of RO3006, the ESF-EDC significantly improves the ROP by 4 dB. Additionally, it is shown that commercially available 25 G components are suitable for supporting 50 Gbaud transmission if using the proposed DSP scheme.
